Introduction
============

On the somewhat nominal date of 31 October 2011, the world human population was deemed to have reached 7 billion (7 × 10^9^), prompting speculation as to whether everyone on the planet can be adequately fed. That currently a poor job of it is being made is not in dispute: the number of people estimated to be undernourished in 2010 was close to 1 billion (FAO, 2011*a*). The most obvious signs of undernutrition are mortality, morbidity, stunting, underweight and wasting. Less immediately apparent are the effects on immune function, cognitive ability and work productivity, with profound effects at individual, family and societal levels ([@b74]; [@b11]; [@b26]; [@b61]). It is estimated that maternal and child undernutrition accounts for 11% of total global disability-adjusted life years (DALY; a measure of overall disease burden, expressed as the numbers of years lost due to ill-health, disability or early death), with dire consequences for development ([@b7]).

Without action, the situation can only worsen. By 2050, it is anticipated that the global population will rise to 9 billion (UN Department of Economic and Social Affairs, Population [@b86]). Satisfying the food and nutrition needs of the growing population, let alone its demands, is likely to require a profound change in what and how much is eaten, and where and how food is produced. Failure to do so could profoundly affect the biosphere in ways that further erode the life-support system through biodiversity loss, changes in ecosystem services supply and exacerbated global warming ([@b4]; [@b21]; [@b51]; [@b69]).

In 2009, *c*. 95 × 10^6^ t of fishes were consumed by humans (FAO, 2012b; FAO--FISHSTAT, 2012). More than 1 billion poor people obtain most of their average per capita intake of animal protein from fish (Tacon & Metian, 2009). The importance of fish is highlighted by a consideration of Africa. FAO data for 2009 (updated with data from [@b68]) show that Africa has the lowest average per capita supply of total energy (10 711 kJ day^−1^), protein (66·6 g day^−1^), non-fish animal protein (15·1 g day^−1^) and fish protein (9·2 kg year^−1^) of any region (FAO--FAOSTAT, 2013). Nevertheless, fish contributed 9% of total animal energy intake here, the highest of any region, and 18% of total animal protein consumption (second only to Asia at 19%).

Global wild fish catches have for some time been at or near the limits of what aquatic ecosystems can be expected to naturally provide (FAO, 2012*a*; [@b87]). Meeting the world\'s demand for fish has thus depended on the spectacular growth of aquaculture. In 2011, *c*. 41% of fish consumed came from farming ([@b84]; FAO--[@b18]). A growing body of research studies shows the importance of fish in the supply of not only protein but also more importantly of essential fatty acids and micronutrients ([@b39]). The importance of fish as a rich source of essential fats, crucial for brain development and cognition, is highlighted in the implementation of the scaling up nutrition framework and roadmap \[a private and public sector and civil society partnership that seeks to better understand the crisis of undernutrition in early life (first 1000 days) and elevate nutrition on the global agenda; <http://www.scalingupnutrition.org>\].

Discussion of the rise of aquaculture has largely focused on its contribution to global aquatic animal food supplies, largely ignoring the resultant changes in species composition of the fishes consumed or how it is farmed and the consequences for food and nutrition security ([@b38]; [@b87]). This paper sets out to redress the situation and considers the technological and policy innovations needed to ensure that fish cultivation fulfils its potential to meet the global population\'s food and nutrition needs. This paper focuses on fishes that account for two-thirds of gross global aquatic animal source food supplies, and make particular reference to Africa and Asia.

Fish, food and nutrition security
=================================

Fish is an excellent source of high quality animal protein and essential fatty acids, especially long-chain polyunsaturated fatty acids (LCPUFA) and micronutrients, which are much greater in fishes than in terrestrial animal-source foods ([Table 1](#tbl1){ref-type="table"}). Drawing on such evidence, a recent FAO--WHO expert consultation group concluded that among the general population, fish consumption is beneficial for individual growth and development, while consumption of certain amount of fish (fatty fishes in particular) is associated with reduced risk of coronary heart disease and stroke (FAO--[@b19]). People are generally encouraged to increase consumption of fatty fishes two to three-fold in order to obtain sufficient quantities of LCPUFAs ([@b66]; [@b34]; FAO--[@b19]). Food-safety concerns about fish have centred on methylmercury and dioxin levels. There is no convincing evidence, however, for increased risk of heart disease linked with methylmercury while the potential cancer risks from dioxins are concluded to be well below coronary heart disease benefits associated with fish consumption (FAO--[@b19]).

###### 

Nutrient content of selected fishes and other foods (modified from [@b39]). Where no figure is given, no analysis was carried out

  Common name and species               Protein (g)   Fat     Ca (mg)   Fe (mg)   Zn (mg)   Vitamin A (RAE)[\*](#tf2-2){ref-type="table-fn"}   Notes                            
  ------------------------------------- ------------- ------- --------- --------- --------- -------------------------------------------------- ------- ------ ------ ---------- --------------------------------------
  Large freshwater fishes                                                                                                                                                       
  Common carp *Cyprinus carpio*         17.83         5.60    1.08      1.43      0.24      0.11                                               41      1.24   1.48   9          Raw, edible
  Tilapia *Oreochromis* spp.            20.80         1.70    0.77      0.48      0.01      0.11                                               10      0.56   0.33   0          Raw, edible
  Small freshwater fishes                                                                                                                                                       
  Climbing perch *Anabas testudineus*                 0.99    0.34      0.38      0         0.09                                                                                Raw, whole, Thailand
  Kanthtrawb *Helostoma temmincki*                                                                                                             432     5.30   6.5    100--500   Raw, edible, cleaned parts, Cambodia
  Mola *Amblypharyngodon mola*                                                                                                                 776     5.70   3.20   \>2680     Raw, edible, Bangladesh
  Marine fishes                                                                                                                                                                 
  Anchovy *Engraulis* spp.              20.35         4.84    1.28      1.64      0.54      0.91                                               147     3.25   1.72   15         Raw, edible, Europe
  Mackerel *Scomber scombrus*           18.60         13.89   3.26      3.35      0.90      1.40                                               12      1.63   0.63   50         Raw, edible
  Milkfish *Chanos chanos*              20.53         6.73    1.67      1.84                                                                   51      0.32   0.82   30         Raw, edible, Philippines
  Other animal source foods                                                                                                                                                     
  Beef                                  14.30         30.00   11.29     0.70                                                                   24      1.64   3.57   0          Raw, ground, 70% lean meat, 30% fat
  Chicken                               14.7          15.75   3.26      3.34                                                                   19      1.11   0.78   0          Uncooked breast fillet
  Cow\'s milk                           3.28          3.66    2.28      0.14                                                                   119     0.05   0.37   33         3.7% milk fat
  Plant source foods                                                                                                                                                            
  Cassava                               1.40          0.28    0.28      0.05                                                                   16      0.27   0.34   1          Raw
  Kidney beans                          8.67          0.09    0.09      0.28                                                                   35      2.22   0.86   0          Mature, cooked
  Rice                                  2.69          0.28    0.28      0.32                                                                   10      1.20   0.49   0          White, long-grained, regular, cooked
  Spinach                               2.86          0.39    0.39      0.17                                                                   99      2.71   0.53   469        Raw

PUFA, polyunsaturated fatty acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.

Retinol activity equivalent.

The benefits of fish consumption for vulnerable groups are also increasingly recognized and there is a growing interest in its potential to better contribute to food and nutrition security objectives through supplemental feeding and other food-based strategies ([@b55], 2007*c*; [@b25]). A controlled study in Malawi, for example, showed that individuals fed intervention diets containing significantly more soft-boned fishes had lower incidences of anaemia and common infections than those in the control group ([@b25]).

Recognizing that eating fish is beneficial and encouraging people to do so are clearly insufficient to overcome undernutrition; issues of food availability, food access and food utilization must also be addressed. These imperatives are codified in the definition of food security adopted by the World Food Summit in 1996, which states that food security exists when 'all people, at all times, have physical and economic access to sufficient, safe and nutritious food to meet their dietary needs and food preferences for an active and healthy life'. The term 'food and nutrition security' incorporates the other pillars of good nutrition: care, health, hygiene water and sanitation ([@b40]).

A conceptual model showing how nutritional status is determined by these various causal factors is presented in [Fig. 1](#fig01){ref-type="fig"}. Individual nutritional status can be seen as an immediate outcome of nutrient intake, care and health. Nutrient intake is, in turn, governed by use and utilization, the former being dependent upon the food that is purchased by and shared within households, while the latter refers to the body\'s ability to utilize the nutrients consumed. The underlying causes of health status are in part not only environmental, determined by factors such as air quality, but also related to health care, housing, sanitation and access to clean water, sometimes worsened by inadequate nutrition, which predisposes individuals to disease. Availability and access to food and nutrients, however, change over time and adequacy of dietary intake is affected by critical life stages such as pregnancy, lactation and early childhood.

![Determinants of nutritional status (modified from UNICEF, 1991; [@b38]).](jfb0083-1067-f1){#fig01}

For a comprehensive analysis of food and nutrition security, all of the contributory factors shown in [Fig. 1](#fig01){ref-type="fig"} must be considered. In the context of the implications of increasing aquaculture production, however, it is its potential as a driver of change in availability (abundance), access and the nutritional quality of fish being produced that warrants particular attention.

Availability, access, use and utilization
-----------------------------------------

### Availability

The availability of food-fish is a function of production and trade, less that used for non-food purposes. The term food-fish is applied here exclusively to fish and does not include shellfish, as is usually the case, used directly for human consumption. Unless otherwise stated, FAO data for 2009 (FAO--FAOSTAT, 2013) is used as the most recent set of figures that allows calculation of regional per capita food-fish supplies (excluding molluscs and crustaceans) in which fish imports and exports can also be taken into account.

Global fish supplies continue to expand, primarily as a result of the sustained, rapid growth in aquaculture production. Supplies of food-fish from capture and farming increased by *c*. 62%, from 8·6 to 13·9 kg year^−1^, between 1961 and 2009 ([Fig. 2](#fig02){ref-type="fig"}). Increases during the 1960s--1980s were largely due to increased capture fisheries landings while those since are largely attributable to aquaculture.

![Per capita aquatic food (, total fish and aquatic resources; , total fish) and fishes by species group (, freshwater and diadromous fishes; , demersal fishes; , pelagic fishes; , marine fishes) by decade (1961--2001) and by year (2002--2009). Data from [@b16] and [@b85]).](jfb0083-1067-f2){#fig02}

The statistics, however, mask enormous inter-regional differences in production and trade ([Table 2](#tbl2){ref-type="table"}). Asia, including China, accounts for *c*. 90% of global aquaculture production while production in least developed countries is \<1% ([@b17]). Seafood is the most highly traded food commodity internationally and exports of seafood from developing countries exceed the total value of coffee, cocoa, tea, tobacco, meat and rice combined ([@b62]; [@b12]). Trade increased in value by an average of nearly 11% per annum between 1976 and 2009 ([@b84]). The effect of trade on food-fish availability at regional level can be assessed from the FAO food-fish balance statistics that account for production plus imports, minus fish used for non-food uses (*e*.*g*. fishmeal) and exports (FAO--[@b18]). The data for 2009 show that regional per capita food-fish supplies are greatest in Oceania (18·9 kg year^−1^), followed by Europe (17·4 kg year^−1^) and Asia (15·0 kg year^−1^), with Africa (9·2 kg year^−1^) trailing last ([Table 2](#tbl2){ref-type="table"}). High food-fish availability in North America and Europe is in part sustained by net imports from Asian countries such as China and Vietnam, accounting for \>20 and 26% of supplies in North America and Europe, respectively (FAO--[@b18]). Low production costs and relatively high international prices, combined with liberal trade policies, have increased exports of farmed white-fleshed fishes such as tilapia *Oreochromis* spp. and catfishes *Pangasius* spp., substituting for dwindling supplies from domestic white-fish fisheries ([@b47]; [@b6]; [@b44]). Even Africa is a net food-fish importer, imports of mainly cheap, oily pelagic fishes increasing net food-fish availability by 14%.

###### 

Total and per capita food-fish supplies by region and economic grouping, 2009 (from [@b16]; FAO--[@b18])

                                                                     Total food-fish supply (×10^6^ t live mass equivalent)   Per capita food-fish supply (kg year^−1^)
  ------------------------------------------------------------------ -------------------------------------------------------- -------------------------------------------
  World                                                              92·1                                                     13·9
  Asia                                                               60·7                                                     15·0
  World (excluding China)                                            66·1                                                     12·5
  Africa                                                             8·6                                                      9·2
  North America                                                      4·9                                                      14·4
  Latin America and the Caribbean[\*](#tf2-1){ref-type="table-fn"}   4·6                                                      8·0
  Europe                                                             12·8                                                     17·4
  Oceania                                                            0·5                                                      18·9
  Least developed countries                                          8·5                                                      11·9
  Low-income food-deficit countries                                  27·7                                                     10·5

Data for Central and South America and Caribbean combined.

While trade data do not indicate whether the fish is of farmed origin, with key commodities such as *Oreochromis* spp. and *Pangasius* spp. it is possible to be fairly certain. [@b83] found that effects of fish trade on poverty and food and nutrition security ranged from large and positive to negative and small. With the exception of tuna (Thunnini), increases in both per capita food-fish supplies and the value of trade only occurred when there was strong growth in aquaculture (*e*.*g*. in Bangladesh, Indonesia and Vietnam).

Increases in aquaculture enhance food-fish availability in countries where sector growth is strong. Although annual per capita food-fish availability in low-income food-deficit countries (LIFDCs) grew from 4·5 kg in 1961 to 10·5 kg in 2009, it remains comparatively low ([@b16]; [@b18]) ([Table 2](#tbl2){ref-type="table"}). Moreover, in Africa, where fish constitutes a particularly large proportion of animal-source foods, per capita food availability of fish has increased little over the past 20 years, in large measure due to the limited growth of aquaculture.

It is not just the availability of food-fish *per se* that is of concern, however, rather the nutrients that fish provide. Qualitatively, fish supplies have changed markedly over the past 50 years. In 1961, 32% of food fishes were of demersal origin, 26% were pelagic, 16% were fresh water and diadromous and 12% comprised other (*i*.*e*. non-demersal and pelagic) marine fishes ([Fig. 2](#fig02){ref-type="fig"}). By 2009, the availability of demersal and other marine fishes had fallen in both absolute and relative terms, that of pelagic fishes had increased in terms of biomass but had fallen as a proportion of total food-fish supplies, while that of freshwater and diadromous fishes had increased by *c*. 250%. Annual per capita freshwater and diadromous food-fish supplies in 2009 were 6·1 kg, equivalent to one-third of supplies ([Fig. 2](#fig02){ref-type="fig"}) ([@b16]). The changes largely result from stagnation in capture fisheries production and the large rise in carps (Cypriniformes), *Oreochromis* spp. and salmonid aquaculture. The species being farmed are largely determined by ease of culture and profitability.

While changes in the fishes eaten are likely to have some effect on protein and energy supplies, they may have an even greater effect on the availability of dietary lipids (see [Table 1](#tbl1){ref-type="table"}). Demersal white fishes (gadoids) typically have low levels (\<2%) of fat. Pelagic herring, anchovies and sardines (clupeids), as well as salmonids, mackerels (scombrids) and eel (Anguilla spp.), are oily fishes (\>2% oil content), with levels in mackerel *Scomber scombrus* L. 1758 seasonally exceeding 20% ([@b88]).

While species is a major determinant of farmed fish nutrient content, nutrient composition is also influenced by how the animal is farmed. Farm environmental conditions, especially water temperature, quantitatively and qualitatively influence lipid deposition ([@b28]). More important, however, is the role of food. While the majority of farmed fishes are freshwater omnivores and herbivores, there has nonetheless been a trend towards intensification of production methods, involving increasing reliance on nutritionally complete feeds ([@b67]). Traditional pond-based fish farming methods use inorganic and organic fertilizers to stimulate autotrophic and heterotrophic production ([@b32]). Production is further enhanced by the administration of small quantities of supplemental feeds, generally derived from long-chain carbohydrate-based agricultural by-products (*e*.*g*. rice and wheat bran) ([@b32]; [@b3]). The intensification of rearing methods responsible for increasing production per unit land and water is primarily driven by economics: the growing scarcity and thus value of land and fresh water, together with the price of feed and the strong market for fish (van der [@b82]).

The nutrient composition of wild and farmed fishes of the same species differs considerably. Total lipid content of farmed fishes is typically higher due to differences between wild and farmed environments in terms of feed availability and composition and animal activity ([@b77]; [@b28]; [@b27]; [@b49]). Farmed white-fleshed fishes (*e*.*g*. *Oreochromis* spp.) also have lower ω-3:ω-6 fatty acids, the intensity of production methods (*i*.*e*. the amount and composition of external feed used) having a particularly important influence on fish lipid levels and composition ([@b27]; [@b37]; [@b78]).

In short, while aquaculture has increased global food-fish supplies, it has also radically changed the availability of certain food-fish types, species and nutrients consumed *via* fishes. Freshwater species, in particular cyprinids and tilapines, increasingly dominate food-fish supplies. While this may have marginal effects on protein supplies per unit food-fish, it changes the quantities and types of lipid. Farming methods have a further effect on fish lipid content and composition: intensification of production methods tends to increase fat levels and, where plant-based diets in particular are used, alter fat composition. The significance of these changes for food and nutrition security can only be determined in the context of individual food consumption and health.

### Access

Availability alone is insufficient to ensure household food security: access to food, determined by power relations, poverty, lack of assets and prices that are increasingly governed by globalized markets, is also critical ([Fig. 1](#fig01){ref-type="fig"}). Although global food supplies undoubtedly have been improving, growing competition for use of farm land for biofuels, lack of key inputs in some places, natural disasters and increasing dependence of food production systems on energy have, since 2006, resulted in high and volatile food prices, a situation that is likely to continue for some time ([@b15]). Poor, food import-dependent countries, with inadequate resources and capacity to put into practice policies targeted at incomes and expenditure, markets and prices or implement food safety nets, will continue to be disproportionally affected ([@b15]).

Fisheries and aquaculture can improve household food security ([@b52]; [@b13]; [@b70]). The pathways by which this occurs have been elaborated by [@b38]): directly through consumption of fish and indirectly through increased purchasing power from the sale of fish (*i*.*e*. increased access) ([Fig. 1](#fig01){ref-type="fig"}). The latter was found to be especially true when women engage in aquaculture and fisheries-related activities such as processing and trading, which results in a greater proportion of income being spent on food (*i*.*e*. improved use) ([@b38]).

Worldwide, an estimated 120 × 10^6^ people are engaged in fishing (World [@b80]) and 23 × 10^6^ in aquaculture ([@b75]), increasing their physical access to and, it is hypothesized, consumption of fish. The great majority of people in developing countries do not of course produce their own fish and physical access is largely determined by distance from source. Drying, salting and smoking extend the life of this highly perishable commodity, enabling distribution over far greater areas, albeit at some deterioration in nutritional quality ([@b55]). There have been few specific studies and no comprehensive review of how increases in farmed-fish availability affect access and use by poor consumers ([@b38]; [@b83]). The growth of aquaculture has undoubtedly increased access in production hotspots such as the Nile Delta, Egypt, but despite the volumes produced, physical access in distant Upper Egypt remains poor ([@b45]). Moreover, in subsaharan Africa, the fish aquaculture sector remains dominated by smallholder, subsistence-type operations and physical access to the relatively small amounts of fish produced is largely limited to producer households and neighbours ([@b13]; [@b8]; [@b38]).

### The effect of prices

The greatest influence on access to food is prices, which are largely determined by markets and incomes ([Fig. 1](#fig01){ref-type="fig"}). The consumption of meat and fish, which are expensive compared to starchy staples such as rice or maize, is highly linked to wealth ([@b63]). Low-income consumers therefore preferentially purchase less expensive fishes, such as small pelagic species, high in LCPUFAs ([@b68]; [@b35]). In southern Africa, for example, the cheapest fishes are the universally available small, dried kapenta *Limnothrissa* spp. and other associated freshwater pelagic species. Quantities as little as a few tens of grams are purchased and used with vegetables to prepare relishes that accompany the staple maize porridge.

A review of studies of fish price elasticities of demand in western markets concluded that demand responds closely to price ([@b24]). In developing countries, price is likely to be an even greater determinant of whether poor consumers buy fish or not. Where aquaculture production dominates the market, farmed fish tends to be cheaper, increasing economic access. In Egypt, for example, farmed fish now account for two-thirds of all fish consumed and is considerably less expensive than most wild-caught fish ([@b23]). In Bangladesh, a decade ago, farmed fish was more expensive than wild-caught fish ([@b72]). Today, due to a doubling of farmed-fish production, however, farmed fish is generally less expensive than wild-caught fish (B. Belton, pers. comm.).

Although unsupported by rigorous study, it is hypothesized that aquaculture producers in developing countries tend to target the production of larger-sized fish, aimed at middle-class urban regional and international markets ([@b87]), presumably in the expectation that the higher absolute and relative prices such fish command increase profits. It is proposed here that there is a largely unarticulated and increasingly unmet demand for economically accessible fish by poor consumers, who are in the majority in developing countries. Given any particular species, and irrespective of whether fresh or frozen, smaller fish are generally less expensive. In a study conducted in Bangladesh throughout 2011, for example, market prices of farmed 250 g *Oreochromis* spp. were 20--30% less per kg than that of 500 g fish (B. Belton, unpubl. data).

While production of smaller, less expensive fish undoubtedly increases access of poor consumers, from a food and nutrition security perspective the point is not how much fish is eaten but that fish consumption fulfils its potential to help meet nutritional needs, especially of poor and vulnerable consumers. The most important role that fish plays in diets dominated by starchy staples is the provision of essential fatty acids and highly bioavailable micronutrients ([@b25]; [@b56], [@b57], [@b58], [@b59], [@b60]; [@b30]; [@b38], [@b39]). From this perspective, oily fishes and small fishes that are eaten whole are superior. Small fish species, however, are generally not farmed, an exception being in Bangladesh, where small species, *e*.*g*. mola *Amblypharyngodon mola* (Hamilton 1822) and chanda *Parambassis baculis* (Hamilton 1822), are allowed to enter freshwater fish ponds from adjacent water bodies ([@b55]). While incorporation of small fish species into cyprinid-based pond polycultures increases overall production and revenues, seed remains unavailable from commercial hatcheries ([@b1]; [@b36]). The absence of obvious candidate small fish species for aquaculture and the likely high associated seed costs may make their culture unprofitable, except where self-recruitment occurs. There also seems to be little market for very small-sized (*i*.*e*. that can be eaten whole) commonly farmed fishes, such as *Oreochromis* spp. or cyprinids.

### Use and utilization

A healthy diet depends on the consumption and absorption of the appropriate amounts of energy in the form of carbohydrate, fats and protein, as well as essential fatty acids, amino acids, minerals and vitamins ([Fig. 1](#fig01){ref-type="fig"}). Inadequate food intake, compounded by the body\'s inability to utilize needed nutrients, results in undernutrition. Nutritional requirements are determined by genetic makeup, sex, age and health status, as well as physiological demands associated with factors such as pregnancy and physical labour.

What individuals choose to eat has always been determined not only by availability and access but also by taste, nutritional value, culture and religion. Personal perspectives and social contexts (life experiences, reliance on foods away from home, food advertising, marketing and promotion) are increasingly influential. The result is that a complex mix of product attributes such as convenience, quality, freshness, health and nutrition beliefs, environmental and animal welfare concerns and social relationships now determines western consumer food choices ([@b22]; [@b43]).

It is no surprise then that the importance of fish in household food baskets varies enormously geographically and temporally. So how has the rise of aquaculture influenced consumption patterns? Demographic characteristics, education, place of purchase and generic advertising have been found to determine beliefs and attitudes about aquaculture production ([@b20]). A survey of women consumers in Belgium, for example, found that consumption of wild-caught fish was influenced by sustainability and ethical considerations whilst that of farmed fish by perceptions of quality ([@b76]). In Bangladesh, much of the increase in aquaculture production has been of exotic species, such as *Oreochromis* spp., which are less preferred than the increasingly scarce indigenous wild fishes (B. Belton, pers. comm.). It seems, therefore, that there can be consumer resistance to farmed fish, especially unfamiliar exotic species. Use may change over time, especially where availability and economic access increase.

At the household level, how food is handled, prepared and cooked influences the nutritional value of what is consumed ([@b35]). The quantities of food distributed among family members depend on cultural and power determined norms with respect to sex and age in particular ([@b79]). Traditional products such as dried, smoked, salted and fermented small fishes are usually cooked as a mixed curry or stew dish, with a little oil, vegetables and spices. Such dishes, as well as fish paste and fish sauces, are more readily shared among family members than larger farmed fishes. Individual health status determines how effectively the body utilizes what is consumed ([@b11]). The institutions and policies that regulate air quality, adequacy of housing (especially in relation to provision of clean water and sanitation) and access to health care influence the prevalence of infectious, diarrhoeal and acute respiratory diseases among the poor in developing countries ([@b10]).

While only the flesh and sometimes the skin or heads of larger fishes tend to be consumed, small fishes are often eaten whole. The micronutrient content of small fishes is often high (see [Table 1](#tbl1){ref-type="table"}) but the micronutrients are concentrated in the bones, heads and gut, and these fishes must be eaten whole to derive full nutritional benefit ([@b64]; [@b41]; [@b55], [@b56], [@b60],). The contribution of fish as rich sources of vitamins and minerals is poorly documented and often overlooked. Studies from rural Bangladesh have shown that a number of widely occurring small tropical freshwater fish species, such as *A. mola*, *P. baculis*, dhela *Osteobrama cotio cotio* (Hamilton 1822) and darkina *Esomus danricus* (Hamilton 1822), have high contents of pre-formed vitamin A ([@b71]; [@b57]). Because most of the small fish species are eaten whole, they are also a very rich source of highly bioavailable calcium ([@b31]; [@b41]). *Esomus danricus* and trey changwa plieng *Esomus longimanus* (Lunel 1882) from Cambodia have a high iron and zinc content ([@b59]). A traditional daily meal of rice and sour soup made with *E. longimanus* can meet 45% of the daily iron requirement of a Cambodian woman ([@b58]). [Table 1](#tbl1){ref-type="table"} shows the vitamin A, calcium, iron and zinc content of some selected common small fishes, as well as two commonly farmed large freshwater fishes.

Cooking affects the macro and micronutrient content of fish ([@b35]). Proteins change structure, generally becoming more utilizable by the body. Fat content alters according to cooking method and LCPUFAs can be lost. Minerals are generally conserved during cooking but vitamins such as thiamine, cobalamine and niacin are often lost or denatured ([@b33]). Consuming fish as part of a meal also confers additional benefits in terms of increasing the bioavailability of iron and zinc from other foods in a meal ([@b2]).

Vulnerability, a product of exposure to risk factors such as seasonality in supply, conflict, rising prices and disease, and the ability to cope with such shocks, as established by assets (physical and educational) and degree of social marginalization, determines the stability of food and nutrition security ([Fig. 1](#fig01){ref-type="fig"}) ([@b40]). Inadequate food access and utilization on a periodic basis, especially during key life stages such as the first 1000 days of life, can have long-term consequences for an active and healthy life ([@b11]; [@b61]). Farming improves the continuity of global fish supplies, but locally, export-oriented aquaculture increasingly falls into a 'gilded trap' in focusing on economic rather than socio-ecological aspects ([@b65]), which can undermine rather than improve local access to fish food.

Discussion
==========

Fish is a preferred food item in the diets of many, especially poor, consumers. Fish provides energy and is a superior source of protein to other animal source foods in terms of total protein and essential amino acid content and digestibility ([@b39]). It is as a source of essential fatty acids and micronutrients, superior in both qualitative and quantitative terms to other animal-source foods ([Table 1](#tbl1){ref-type="table"}), that may be of greatest importance in food and nutrition security terms.

Aquaculture accounts for an increasing proportion of global food-fish supplies and, indeed, has increased global per capita food-fish supplies. Market demand, resulting more from urbanization and increasing wealth than from population growth, is likely to continue to drive expansion of global aquaculture production, albeit that the rate of increase is reducing as constraints on and costs of resources and essential ecosystem services (feedstuffs, space and capacity to disseminate and assimilate wastes) increasingly affect the sector ([@b29]; [@b46]).

Fish farming is largely absent from those parts of the world where it is most needed, especially Sub-Saharan Africa, however, despite favourable soils and climate. Here, arguably, there has been an over-emphasis on promotion of subsistence aquaculture, which, while improving resilience of poor smallholders to external shocks (Dey *et al.*, 2006), has proved costly to implement and has had limited effect on incomes or food and nutrition security ([@b8]). There is, however, an increasing focus on market-based aquaculture that is resulting in marked increases in aquaculture production ([@b6]), although whether this will suffice to meet growing demand is a moot point. In much of Sub-Saharan Africa, growth in demand between 2007 and 2015 is expected to be 25--50% ([@b9]). Assuming little change in capture fisheries or import supplies, demand must be met by aquaculture, but the required rates of sector growth, in the order of 40--140% ([@b9]), are much higher than are taking place.

In addition to increasing availability, especially in those parts of the world where fish is most needed, aquaculture must also increase access. A number of economists have identified low-income markets as potential growth areas ([@b53]; [@b14]). There are many good economic and environmental reasons to produce smaller-sized herbivorous and omnivorous fishes or fish products for poorer consumers. In addition to increased economic access, production per unit land use (productivity) is higher and it is more energy efficient and cheaper per unit biomass to produce smaller-sized fishes, a result of better food conversion ratios (FCR) and lower production costs ([@b54]; [@b73]). Because it takes less time to produce smaller fishes, farmers may be able to produce several harvests per season. Moreover, risks (mortality, price changes and natural disasters) are lower ([@b50]; [@b5]) and the cost of any borrowing is also reduced. Surprisingly, little research has been done on production economics and on these so-called bottom-of-the-pyramid markets. Access to food can also be increased by greater policy focus on incomes and expenditure, markets and prices ([@b15]). While such instruments are often used to increase access to starchy staples, more evidence is needed to show why increasing access to fish is an effective and cost-efficient way to improve food and nutrition security ([@b83]; [@b39]).

While production of smaller, less expensive fishes may increase access by poor consumers, from a food and nutrition security perspective ([@b87]) the point is not how much fish is eaten but that the farmed fish meets the nutrition needs of poor and vulnerable consumers. Farmed fish is an excellent source of animal protein but because of species, size and method of rearing it is often inferior to small wild fish species as a source of essential fatty acids and micronutrients. Research is needed to identify small species that might be suitable for culture.

Inclusion of fish-derived products, especially fish oil, in aquaculture diets can help improve the nutritional value of the finished product. Given the importance of wild pelagic fishes in the diets of poor consumers, however, it is important that the growth of aquaculture does not increase the amount of fish of low economic value converted into fish meal and fish oil. There are strong economic drivers to reduce dietary fish oil content and over the past decade, much has been replaced by plant (soy, flax and corn) oils ([@b48]). These, however, do not contain LCPUFAs. Judicious use of diets with higher fish oil inclusion rates in the weeks prior to harvesting can change fish fat content and fatty acid profile ([@b81]). The feed sector must continue to seek alternative feedstuffs that do not compromise the nutritional quality of farmed fishes. Recent studies have also increased the understanding of fish lipid metabolism, indicating the possibility of selecting for strains of some species of farmed fishes with improved LCPUFA biosynthesis capabilities ([@b42]).
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